X-ray dichroism microscopy is a new method for microscopic mapping of magnetic domains at surfaces, that measures the local magnetic moment and magnetization direction of individual elemental constituents of the sample. In addition, it is able to probe the magnetic properties of layers buried as much as 100A below the surface. The method uses the magnetic X-ray dichroism effect, in combination with the X-ray photoelectron emission microscope (X-PEEM), also called the X-ray secondary electron microscope (XSEM). The X-PEEM has already been shown to be a valuable tool for small-area X-ray absorption fine-structure (XAFS) spectroscopy, and for stateselected imaging. In this paper, the principles involved in imaging magnetic domains using the Xray photoelectron emission microscope are discussed, based on recent results with circularly polarized soft X-rays. Examples of applications of the technique are reviewed, including direct mapping of the oscillatory exchange coupling in transition metal sandwich structures, and imaging of recorded bit patterns in magnetic media.
Introduction
In a conventional photoemission electron microscope, or PEEM, the sample is illuminated by a light source, typically in the ultra-violet spectral range, which causes it to emit electrons. An image of the sample surface is formed using the emitted electrons, by focusing them through electrostatic or electromagnetic lenses. With the realization that PEEM is inherently surface sensitive, and therefore requires attention to be paid to surface chemistry and vacuum environment, the PEEM has undergone a recent revival of interest in fields as diverse as biology and surface phase transitions [l] .
The dominant contrast mechanism for the traditional PEEM is a combination of surface topography and variations in surface work-function, since the incident photon energy is chosen to be just above the photoemission threshold. In order to make the PEEM useful as a tool for surface microanalysis, it is necessary to increase the photon energy to probe valence bands and core-levels. Since the secondary electron yield is a direct measure of the photoabsorption coefficient, a new type of analytical microscope results when a PEEM is coupled to a tunable synchrotron radiation source. This tool, the X-ray PEEM, combines the surface-sensitive imaging capability of PEEM with chemical analysis in the form of X-ray absorption fine-structure spectroscopy (XAFS or XANES) [2] . The micro-XANES imaging technique has been applied to a number of problems, including surface oxidation [3] , biological toxicology [4] , and magnetic domain imaging [5] .
An X-ray absorption fine-structure (XAFS) spectrum contains a wealth of information about the chemical nature of the sample and the local atomic bonding. In addition to the information held in the spectral intensity, the dipole selection rules can be used, along with the polarization of the incident light, to determine molecular orbital symmetries.
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In photoemission microscopy, it is not the resolution that is the primary motivation for the field, since other methods have better resolution (down to atomic scale), and the fundamental limit for PEEM is around 20A [6, 7] . Instead, it is the physical origin of contrast in the image that has driven development of both laboratory and synchrotron instruments. The elegant work of Ertl's group showing pattern formation in reactions at surfaces using PEEM has inspired a new generation of scientists to examine photoemission microscopy [8] . These experiments rely on the difference in work function between, say, chemisorbed oxygen and NO on a metal surface. The capability of this technique is being beneficially expanded by X-PEEM and micro-XAFS, which can use core-level contrast (as well as work-function contrast) to image domains of atoms of different types, as well as atoms in different oxidation states [3, 4, 9] .
Although the importance of soft X-ray absorption spectroscopy is well established, there has been an impressive growth in the interest of this technique as applied to magnetic materials. This interest has been largely fueled by theoretical predictions[l 0, l l, 12,131, and their subsequent experimental verification [l4,15] , that polarization effects in XAFS can be used to determine local magnetic moments and long-range magnetic order. Both linear polarization and circular polarization are important in these studies, although most of the recent attention has been focussed on circular polarization work. The difference in the absorption of light as a function of polarization direction is called dichroism, which can be present with both linear and circularly polarized beams. For circularly polarized light, the dichroism signal is the normalized difference in absorption with right and left polarizations, (IR -IL)/(IR + IL). In many cases, it is equivalent and simpler to keep the incident polarization fixed and vary the direction of the sample magnetization.
The X-ray magnetic circular dichroism (XMCD) effect offers many advantages as a magnetic probe for X-ray microscopy. Whereas the interpretation of spectra from optical techniques such as the visible-light Kerr spectroscopy may be complicated by the multitude of allowed transitions between occupied and empty valence states, X-ray dichroism is linked to a core-level absorption event with a purely local wave-function. This offers site, symmetry, elemental, and in some cases, chemical-state specificity. The effect is very large, ranging up to 50% of the unpolarized signal. There is some theoretical and experimental evidence that the integrated circular dichroism signal can be used to measure the magnitude of the orbital and spin components of the magnetic moment [lO] . The magnitude of the signal as a function of X-ray polarization direction can further be used to determine the direction of the local magnetization vector [5, 16] .
Instrumentation
One of the simplest methods for measuring an XAFS spectrum is by the total electron yield mode, in which either the secondary electrons are collected or, essentially equivalently, the sample current is measured as a function of incident photon energy. The electron yield method turns out to be well-suited to the detection of species that are either at or near the surface of a sample. The secondary electron energy is only a few volts, well below the minimum in the mean-free-path universal curve. In practice this means that samples as different as monolayer adsorbates and buried interfaces can be subject to XAFS investigation by total yield methods. This effect has been heavily utilized in the magnetic circular dichroism imaging experiments [5, 16] .
The secondary electrons produced following X-ray absorption are directly used to image the surface in the X-PEEM, and the number of electrons emitted is measured to produce the XAFS spectrum, so the relationship between electron yield and photoabsorption cross-section is important. In the soft X-ray region, the main decay channel following core-level excitation is the production of an Auger electron, which subsequently creates a secondary electron cascade. It is often assumed that there is a simple relationship between the electron yield Y, and the photoabsorption cross-section, where the proportionality to the incident photon energy arises from assuming that the number of secondary electrons produced is linearly proportional to the inital Auger electron energy.
A more careful analysis, that incorporates both the effects of photon absorption and the secondary electron escape depth, gives an expression,
where 8 is the angle between the sample normal and the incident photon beam, p(z) is the atomic density of the material ofthickness d, and h, is the effective electron escape depth. This expression reduces to Eq.
[l] in the limit of very short electron escape depth or very thin overlayer films, but for accurate magnetic circular-dichroism work on ultrathin films, the exact expression Eq. [2] may be necessary. It can be solved iteratively for C (ha .
The first generation of the X-PEEM as used here is a simple device, constructed to identify the obstacles to high resolution in micro-XAFS [3, 9] . With low-energy photons, PEEM has shown a resolution of 100-200A in several laboratories [l,7] . At higher photon energies, the energy spread of the secondary electron distribution limits the minimum resolvable structure through the chromatic aberration of the electron lenses[l7]. Tonner and co-workers have shown a resolution of 0.3 pm with the X-PEEM, as measured from images of micro-zoneplates[l7,18]. Based on the experience with the X-PEEM, a new microscope with an energy filter, called the PRISM (paraxial-ray imaging spectro-microscope) was designed[l9,18]. The PRISM instrument, which is now being tested on bending magnet sources, is designed to perform high resolution micro-XAFS, as well as microscopy with primary photoelectrons and Auger electrons. The energy filter solves the chromatic aberration problem that has prevented high resolution in the X-PEEM, as was first recognized by Polack and Lowenthal [20] . It should be pointed out that all of our X-PEEM work so far has been carried out on bending-magnet synchrotron beamlines, so a tremendous gain in intensity is expected in late 1994 when experiments on undulator beamlines begin. This is particularly important in comparing the performance of the X-PEEM (0.3 pm on bending magnets) with the current scanning X-ray photoemission microscopes (about 0.09-0.1 pm on undulator beamlines).
Soft X-ray Magnetic Circular Dichroism
An example of an electron yield XAFS spectrum is shown in Fig. 1 , which shows the circular dichroism from a complex multilayer epitaxial magnetic structure [21] . This experiment was performed with circularly polarized light from a newly converted beamline at the Wisconsin Synchrotron Radiation Center [22] . This beamline uses a remotely controlled aperture that can be set to pass a portion of the bending magnet radiation in the lower or upper half plane. The beamline has a 10M toroidal grating monochromator, which is useful for photon energies from about 150eV to just over 900 eV, conveniently bracketing the first-row transition element 2p lines. Typically, the aperture is set to pass about 25% of the maximum total intensity, which results in 90% polarization or greater in this energy range, with an 800 MeV storage ring beam energy.
The sample in Fig. 1 consists of 2 monolayers of epitaxial Fe, grown on a metastable fcc Cobalt film of 8 monolayers thickness, all on a Cu(100) substrate. In experiments such as these, where the goal is to determine the magnetization direction, magnetiude of the magnetization, and ferromagnetic coupling of the layers, we exploit a symmetry in the magnetic X-ray dichroism signature and keep the incident polarization fixed, while changing the direction of the remnant magnetization by the application of an external field. This experiment illustrates the ease with which magnetic information from two materials can be independently obtained.
An elementary explanation for the origin of magnetic circular dichroism from core-levels is based on the dipole selection rule arguments originally advanced by Erskine and Stem for the 3p edges in Ni [23] . These concepts are very simple, and they establish the link between the measured spectrum and the spinmoment of the material, despite numerous other drawbacks that we will discuss later.
The difference in intensity for the transition from either the 2~312 (L3) or the 2pj/2 (Lz) edge for right and left-handed polarization is proportional to the spin polarization assumed for the final states. That is, there is no XMCD in this model if the up and down-spin final d and s states are equally occupied. Secondly, for linearly polarized light the intensity ratio for transitions from the 2~312 level relative to the 2~112, I(L3)lI(L2), is just the statistical ratio of 211, no matter what the spin occupancy, in the absence of spin-orbit coupling in the final state. Third, the ratio of the L3 and L2 edge dichroism intensity (difference between right and left) is also statistical, and is 111. These simple arguments can also be used to predict the branching ratio with linear or circular polarization, I(L3)l [I(L3)+I(L2)], as discussed by Tobin et a1. [24] .
This simplest of arguments shows the beauty of XMCD in that dipole selection rules produce a change in the intensity of lines separated by 10-15 eV (the corelevel spin-orbit splitting), due to magnetic interactions in the final dstates that are due to the spin polarization of the bands. This can be thought of as having the sample (and probing A.p interaction) serve as an internal spin-detector, with an efficiency of nearly 50% (given by the absolute XMCD intensity for a single-domain sample). This can be compared to conventional electron spin detection, which has an efficiency of about 1 part in 104
Because of the vector dependence of the dipole matrix element (the polarization vector), and the vector orientation of the spins (the magnetization M), the dichroism intensity follows a cosine law proportional to E M , where C is the photon spin (determined by the circular polarization). This law is independent of the details of the XMCD effect, and can be used to directly determine sample magnetization directions, easy axes of magnetization, ferromagnetic vs. antiferromagnetic alignment, and domain orientations (with the X-ray microscope). Other direct information from the XMCD signal is the change in magnetization with applied field or temperature, which can be used to determine Curie temperatures and critical exponents. Photon Energy (eV) FIG . 1: Soft X-ray circular dichroism from a 2ML fct Fe(l00) film grown on 8ML of fcc Co(001). The top two curves are the absorption signal with opposite orientations of sample magnetization and incident photon helicity. The bottom curve is the difference signal, which is due to the magnetic dichroism.
The simple selection-rule model for XMCD, which considers only single-particle transitions and neglects spin-orbit coupling in the final-state, does not predict the correct branching ratios for the L2 and L3 edges, either with linear or circularly polarized light. Therefore it can only be considered as a qualitative illustration of the origin of the dichroism effect, and more sophisticated theoretical treatments are required to analyze real data.
Magnetic Microscopy using the X-ray Circular Dichroism Effect
For the magnetic X-ray dichroism microscopy experiments described here, a circularly polarized beam from bearnline 8-2 at the Stanford Synchrotron Radiation Laboratory was coupled to an X-ray photoelectron emission microscope (X-PEEM), shown schematically in Fig. 2 . The X-PEEM, or XSEM (for X-ray secondary electron microsope), makes use of the fact that the X-ray absorption coefficient is proportional to the secondary electron yield, by forming an image using the secondary electrons [2, 18] . This is done by the electrostatic electron lenses that form a two-stage electron microscope, with a microchannelplate electron image intensifier.
To understand the contrast mechanism in magnetic X-ray dichroism microscopy, we refer to the spectrum in Fig. [l] . The photon beam is incident at a grazing angle to the surface, and the two curves in the top half of the figure show the XAFS spectra for the FeICo overlayers with magnetization (a) parallel or antiparallel to the photon helicity (g). Flipping the sign of M -% causes the peak intensity of the L3 and The X-PEEM was used in some earlier experiments to attempt to image magnetic domains at the surface of Fe(100)-oriented polycrystals, and from magnetic disks, using a method based on the Lorentz technique in electron microscopy. We dispIaced the back-focal plane aperture from its normal, on-axis position, so as to enhance the intensity of emission from particular magnetic domains [26] . Magnetic fields from these domains deflect the (slow) secondary electrons from their usual trajectory by the Lorentz force, giving rise to the name of the technique. We found that we could visualize the track regions on a floppy disk surface, but the contrast was too low to be practically useful. As a result, the high contrast of X-ray magnetic circular dichroism microscopy was a Circularly polarized X-rays illuminate the sample, which emits secondary electrons in proportion to the Xray absorption. These electrons are focused to form an image. magnetic layer of a hard-disk medium [5] . Recent pleasant surprise.
We have recently demonstrated that the XMCD effect can be used for element-specific magnetic mapping of small structures [5, 16] . The principle of the XMCD microscope is as follows. The intensity in the magnified image is proportional to the secondary electrons produced, which are in turn proportional to the number of X-rays absorbed in the corresponding area in the near-surface region of the sample. The X-ray absorption intensity is modified by the relative orientation of the incident photon helicity and the local magnetization vector. This produces an intensity variation that can be used to map magnetic domains. Furthermore, the domain image is specific to one element at a time. One simply selects a photon energy corresponding to the appropriate core-level absorption edge of interest.
Since the electron spin is not directly detected, the microscope is very efficient and images are very intense. In fact, much more than one secondary electron is produced for every photon absorbed, so the sample acts as its own electron multiplier image intensifier. Since secondary electrons are produced as the result of an inelastic cascade, absorption events well below the surface region can easily be detected. Sampling depths range from 15-25A in metals to about 100A in carbon.
The power of XMCD microscopy was demonstrated by its use in measuring the oscillation period of antiferromagnetic exchange coupling in sputtered "wedge" samplesrl6], and in the elementspecific mapping of magnetic domains in a buried additional results include independent domain mapping of Fe and Tb elements in magnetoptic media, which directly show the opposite sign of magnetization direction of the ferrimagnetically coupled Fe and Tb atoms [27] . L2 edges to change, in opposite directions. For a fixed 2, the intensity at the L3 edge will depend on the relative orientation of M within a domain. The same is true at the L2 edge, but the contrast will be inverted.
The XMCD micrograph from the Fe-Tb-CO alloy magnetic medium is shown in Fig. 3 . The film was deposited by sputter deposition onto a buffer layer on glass, and subsequently covered with a 20A thick coating of AI for protection. A pattern was written in the film using magnetic fields perpendicular to the surface. The spacing between the columns of bits was 5 microns. Because the polarized X-ray beam is at only 20° grazing angle of incidence, the magnitude of G.2 will always be much smaller than in the case for parallel recorded bit patterns. This results in a noisier magnetic domain image, as compared to the images from parallel magnetic domains [5, 16] . The magnetic moments of the Fe and Tb atoms are different in magnitude, oriented in opposite directions, and have a strong temperature dependence. The opposite orientation of the magnetic moments can be clearly seen by comparing the Fe and Tb dichroism images in Fig. 3 . Each image shown is the result of subtracting two images taken at the two spin-orbit split absorption edges (M4,5 for Tb, L2,3 for Fe). Notice that these patterns appear as bright (Tb) or dark (Fe) against a grey background. This is because the orientation of the magnetic moment within each bit is the same. If the orientation changed from bit to bit, each image (Fe and Tb) would have both light and dark bits against a grey background.
In Fig. 4 we show two images taken of a magnetic thin film which consists of a CO-Pt multilayer, with 18 periods of (3A-~o/loA-Pt). The low magnifcation image on the left was taken with linearly polarized X-ray radiation, so that primarily topographical contrast is present. A pattern of small damage marks on a 50 pm spacing grid can be seen in this picture. To the right, at higher magnification, is the magnetic dichroism image at the CO L-edge from the region circled in the topographical image. The bit pattern is now clearly visible in this parallel-recorded surface, and there is no evidence that the structural damage has perturbed the magnetic information.
Summary and outlook
There are relatively few techniques with the ability create images of magnetic domain structures at surfaces, due to the weakness of magnetic forces and the relative inefficiency of electron spin-detectors. Xray dichroism microscopy is a new method for studying magnetic structure of surfaces, and must stand out among a wide variety of other techniques for magnetic imaging in order to justify its continued development. Because of the newness of the technique, it is will be necessary to critically compare its strengths and weaknesses with other methods that are available for magnetic surface microscopy. To facilitate this, we reiterate the significant features of magnetic X-ray dichroism microscopy.
Perhaps the most important feature is the core-level selectivity. The signal is tied to discrete coreelectron energy levels, which are generally widely separated for each element compared to the spin-orbit splitting needed to observe dichroism. With high energy resolution, chemical-state shifts can be resolved, so that it is in principle possible to distinguish magnetic domains of different chemical valences. We have already seen, with modest energy resolution, that we can distinguish elemental from oxidized iron in both the absorption spectrum and the dichroism signal.
Perhaps equally important is the combination of technical features that result from the particular instrumentation used for image formation, that is, the X-PEEM. These include application-oriented features such as the very low sample damage because the X-ray beam is spread out over the field-of-view, and the ability to view 'practical' samples, like recording media, which have insulating protective layers. In addition, the high magnetic contrast and efficiency of secondary electron production promises to make the technique widely useful.
The interpretation of magnetic image contrast is very straightforward. The amplitude of the dichroism signal is coupled to the local magnetization by a simple cosine law, so that the vector orientation of spins can be trivially mapped by simply rotating the sample around the sample normal, with fixed incident X-ray helicity. The integrated intensity of the dichroism signal from transition metals may lend itself to interpretation in terms of the orbital and spin components of the magnetic moment.
Several improvements to the concepts outlined here are underway in various laboratories worldwide. It is clear that the ultimate spatial resolution limit of 50-100A can be achieved with X-ray illumination, if the chromatic aberration errors are eliminated either by energy-filters or correcting mirrors [l8,28] . The performance of the microscope will be greatly improved by coupling it to a beamline designed at the outset for producing circularly polarized light, either by an undulator or wiggler source. These first experiments, which use bending magnet radiation, must reduce the incident flux to about 20% of its peak value in order to achieve high circular polarization.
It is also clear that various forms of linear dichroism can be used to form images, with information originating in bond-orientations, crystal fields, or magnetic domains, depending on the compound. This suggests that the X-PEEM will continue to be useful on linearly polarized undulator beamlines.
Finally, although I have concentrated on one specific implementation of dichroism microscopy, the physical concepts behind the image contrast will also operate in other designs. For example, the incident polarization can be preserved with focussing optics, including grazing incidence mirrors and zone-plates, so that a scanning version of circular dichroism microscopy is certainly feasible.
